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Polychaete annelids and arthropods are both segmented protostome invertebrates. To investigate whether the segmented body plan of these two
phyla share a common molecular ground pattern, we report the developmental expression of orthologues of the arthropod segment polarity genes
engrailed (en), hedgehog (hh), and wingless (wg/Wnt1) in larval and juvenile stages of the polychaete annelid Capitella sp. I and en in a second
polychaete, Hydroides elegans. Temporally, neither Wnt1 nor hh are detected in the segmented region of the larval body until after morphological
segmentation is apparent. Expression of CapI–Wnt1 is limited to a ring of ectoderm marking the future anus during larval segmentation. CapI–hh
is expressed in a ring of the hindgut internal to that of CapI–Wnt1, as well as in a subset of ventral nerve cord neurons, anterior gut tissue, and
mesoderm. In both H. elegans and Capitella sp. I, en is expressed in a spatially and temporally dynamic manner in segmentally iterated structures
as well as a population of cells that migrate internally from ectoderm to mesoderm, possibly representing a population of ecto–mesodermal
precursors. Significantly, the expression patterns we report for wg, en, and hh orthologues in Capitella sp. I and for en in larval development of H.
elegans are not comparable to the highly conserved ectodermal segment polarity pattern observed in arthropods at any life history stage, consistent
with distinct origins of segmentation between annelids and arthropods.
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The observation that animals with highly divergent body
plans share similar suites of genes leaves open the question of
how the large variety of metazoan body plans were generated
during evolution. Three major, highly speciose metazoan
phyla, the chordates, annelids, and arthropods, display a
segmented body plan, consisting of many serially iterated
body parts. The origin(s) of segmentation in the Metazoa
remains a contentious issue (reviewed in Davis and Patel,
1999; Seaver, 2003), and the lack of consensus is due in part to
insufficient taxon sampling. We are particularly interested in
whether annelids and arthropods share a common segmented
ancestor. If segmentation had a single origin at the base of the
protostomes, we hypothesize that spatio-temporal patterns of
gene expression for genes underlying this process will be0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2005.10.025
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E-mail address: seaver@hawaii.edu (E.C. Seaver).conserved. Specifically, we would expect to see expression of
genes in the area of the future segments prior to overt
morphological segmentation in patterns that reflect a role at a
certain stage of the segmentation hierarchy. A number of
arthropods have now been examined and generally bear out the
expected conservation in the molecular basis of segment
formation. However, very little is known about the molecular
control of segmentation in annelids.
Among the three classes of arthropod segmentation genes
originally described forDrosophila (gap, pair-rule, and segment
polarity genes), expression patterns of the segment polarity
genes are generally the best conserved (e.g., Damen, 2002;
Hughes and Kaufman, 2002; Janssen et al., 2004; Kettle et al.,
2003; Niwa et al., 2000; Patel, 1994; Scholtz et al., 1994;
Simonnet et al., 2004). Expression of the segment polarity gene
engrailed (en) is especially well characterized among a diverse
range of arthropods (Damen, 2002; Hughes and Kaufman,
2002; Kettle et al., 2003; Patel, 1994; Patel et al., 1989a). It
appears prior to morphological segmentation and is expressed in
circumferential ectodermal stripes in the posterior compartment89 (2006) 179 – 194
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image duplications of segmental primordia (Akam, 1987). In
Drosophila, adjoining ectodermal stripes of en and wg
expression (DiNardo et al., 1988) are maintained through
reciprocal signaling by the Wingless and the Hedgehog proteins
(in en-expressing cells) which leads to formation of a segment
boundary. Thus, the spatial relationships of these three genes
have a specific and predictable pattern, both relative to
segmental boundaries as well as to one another. A functional
interaction between en and wg has also been demonstrated
during segment formation in the short germ band flour beetle
Tribolium castaneum (Oppenheimer et al., 1999).
In annelids, expression of orthologues of the arthropod
segment polarity genes has been characterized in far fewer
species than reported for arthropods. The best characterized
thus far, en, has a variable expression pattern among species
that have been examined to date. These include studies of
leech embryogenesis (Lans et al., 1993; Wedeen and
Weisblat, 1991), regeneration and fission in the oligochaete
Pristina leidyi (Bely and Wray, 2001), larval development of
the polychaete Chaetopterus sp. (Seaver et al., 2001), and
larval development, regeneration, and adult growth in
Platynereis dumerilii (Prud’homme et al., 2003). It is notable
that the two polychaetes (the most speciose and basal annelid
group), Chaetopterus (Seaver et al., 2001) and Platynereis
(Prud’homme et al., 2003), show distinct patterns of en
expression, which have led to conflicting interpretations
concerning the role of en in annelid segmentation. Other
segment polarity genes such as hedgehog (hh) and wingless
(wg) have been less well characterized in annelids, with only
a single report to date for each gene: hh in the leech H.
robusta (Kang et al., 2003) and Wnt1 in P. dumerilii
(Prud’homme et al., 2003).
Because the phylogenetic structure of Annelida is currently
unresolved, it is not presently possible to identify an extant
taxon that would most closely represent ancestral character
states for a basal polychaete. To investigate the range and
variation in molecular mechanisms of polychaete segment
formation, we have chosen two additional polychaete species,
Capitella sp. I and Hydroides elegans, which by comprehen-
sive morphological analysis belong to distantly related clades
(Rouse, 1999; Rouse and Fauchald, 1997; Rouse and Pleijel,
2001). They also have different body plans, life histories, and
modes of development, specifically relating to the timing and
mode of segmentation. Capitella sp. I (order Capitellida) has a
relatively homonomous body and generates its first 13
segments within a narrow temporal window during a larval
phase (Bhup and Marsden, 1981; Seaver et al., 2005). H.
elegans (order Sabellida) hatches as a canonical unsegmented
trochophore and generates three larval segments almost
simultaneously (Wisely, 1958). Both species continue to add
segments following metamorphosis, generating an adult body
plan with distinct thoracic and abdominal regions.
Here, we test the hypothesis that orthologues of the
arthropod primary segment polarity genes en, wg, and hh are
utilized in the segmentation process of polychaetes. We have
studied the expression patterns of these three genes duringlarval and juvenile segment formation in the polychaete
Capitella sp. I and also report expression for en during larval
segmentation in another polychaete species, H. elegans. We
focus our investigations on the following questions: (1) do en,
wg, and hh have spatio-temporal expression patterns consistent
with a possible role in segmentation? (2) what are the spatial
relationships of these three genes relative to each other? e.g.,
are en, wg, and hh expressed in patterns that suggest a
conserved regulatory circuit of reciprocal signaling? (3) are any
aspects of their expression conserved with other metazoans,
regardless of their association with the segmentation process?
Methods
Animal husbandry
Capitella sp. I was maintained in the laboratory using culture methods
developed by Grassle and Grassle (1976) as described (Seaver et al., 2005).
Embryos/larvae of Capitella sp. I were collected as described (Seaver et al.,
2005) and according to Hadfield et al. (1994) for H. elegans.
Cloning of CapI–en, CapI–Wnt1, CapI–hh and Hel–en
Fragments of Capitella sp. I en, hh, and wg genes were isolated by
degenerate PCR using either genomic DNA (gDNA) as template (hh and wg)
or Stage 4/5 larval cDNA (en). A 328 base pair (bp) fragment of en was
isolated with the degenerate primers EnEH2: 5V-TGGCCIGCITGGGTNTAYT-
GYAC-3V and en2-2: 5V-TGRTTRTANARNCCYTGNGCCAT-3V, designed to
correspond with the conserved EH2 and EH5 domains (the resulting fragment
contains sequence corresponding to EH3 and the homeodomain). To isolate a
167 bp fragment of hh, a semi-nested approach was utilized with the following
primers: hh5in: 5V-GTNATGAAYCARTGGCCNGG-3V and hh3out: 5V-
ACCCARTCRAANCCNGCYTC-3V, followed by hh5in and hh3in: 5V-
TCRAANCCNGCYTCNACNGC-3V. Primers utilized to isolate Wnt gene
family members were: ab-wg-fw1 5V-CRTGARTGYAARTGYCAYGGIATG-3V
and ab-wg-bw 5V-RCARCACCARTGRAAIGTRCA-3V. To isolate en from H.
elegans, gDNA from multiple individuals was used as a PCR template with the
primers en1-1, 5V-GARAARMGICCNMGIAGNGCNTT-3V and en2-2.
Resulting PCR fragments were sub-cloned into pGEM-TEasy (Promega)
and sequenced at either the University of Hawai’i sequencing facility or
Macrogen Inc. (South Korea). Additional sequence for all three Capitella sp. I
gene fragments was obtained for both 5V and 3V directions with sequence-
specific primers in either a vector-anchored RACE PCR reaction with a mixed
stage embryonic/larval cDNA library as template, or using the Smart RACE
amplification kit (BD Biosciences Clontech). The resulting fragments were: a
727 bp 5V RACE and 650 bp 3V RACE fragment for en, a 701 bp 5V RACE
fragment and a 1716 bp 3V RACE fragment for hh, and, for Wnt1, a 885 bp 3V
RACE fragment and an 1671 bp 5VRACE fragment. Sequence-specific primers
were used to extend the H. elegans 220 bp en fragment in both the 5V (1025 bp)
and 3V (957 bp) directions using a 3-day larval cDNA library as template
(kindly provided by Mike Hadfield, Kewalo Marine Lab). Resulting sequences
for each gene were conceptually spliced together and submitted to Genebank as
a composite transcript (primer sequences and PCR conditions available upon
request, seaver@hawaii.edu).
PCR surveys were performed to detect additional en class genes in both
species. For Capitella sp. I, 15 more clones were isolated from 3 independent
PCR reactions with reduced stringency from genomic DNA. Among all clones
examined (22 clones total), there were differences at only 2 nt positions, neither
of which resulted in an a.a. substitution. The amplified region represents a 220
bp fragment that includes the homeodomain and EH5 domain (en1-1 and en2-2
primers). In H. elegans, a total of 30 clones from 5 separate PCR reactions were
sampled from genomic DNA using the en1-1 and en2-2 primers. Both MgCl2
concentration and annealing temperature were varied. Among the recovered
clones, the conceptual amino acid sequences differ at 2 of 61 positions, with
more differences at the nucleotide level. There is a glutamic acid to glycine
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helices 2 and 3 (Kissinger et al., 1990). In two other clones, there is a
conservative threonine to serine change, immediately 3V of the 3rd helix of the
homeodomain (a.a. position 59). Thus, using independent primer sets, we failed
to detect additional en genes for either Capitella sp. I or H. elegans.
Sequence alignments and phylogenetic analysis
Recovered sequences were analyzed by BLASTX searches of the GenBank
database from NCBI. Amino acid (a.a.) alignments of Wnt sequences reported
here and downloaded from the database were generated with the MacVector
software (CLUSTALW) using default alignment parameters (Matrix, BLOSUM
Series; GapOpen, 10; GapExt, 0.05; GapDist, 8). Alignments were then hand
edited for obvious alignment errors. Bayesian phylogenetic analysis was
performed with MrBayes V3.0 (Huelsenbeck and Ronquist, 2001). The Fwag_
amino acid model was used with 1,000,000 generations and 4 chains. A
majority rule consensus tree was generated with PAUP*4.0b10 (Swofford,
2002) from 9500 trees representing 950,000 stable generations. Neighbor
joining analysis was also performed in PAUP*4.0b10 with 1000 replicates.
Nexus alignments available upon request. Accession numbers for genes are as
follows: MmuWnt15 (AAC39950); GalWnt14 (NP_990312); AmphWnt3
(AAL37555); GalWnt3 (AAL58093); HsWnt7 (BAB68399); ApiWnt7
(XP_395388); HelWnt7 (AAS59174); DreWnt8 (I50505); AmphWnt8
(AAF80559); HelWnt8 (AAS18255); NveWnt2 (AAW28132); DreWnt2
(AAA96517); AmphWnt10 (AAL37558); HelWnt10 (AAS59175); HsWnt5a
(AAH74783); XlaWnt5a (AAA50011); CsaWnt5 (CAC87041); HelWnt4
(AAC69242); XlaWnt4 (AAH87460); AmphWnt4 (AAC80431); DmeWnt2
(NP_476810); DmeWnt4 (P40589); DmeWnt8 (AAF54924); DmeWnt5
(P28466); DreWnt1 (S15013); AmphWnt1 (AAC80432); StroWnt1
(AAC69241); BmoWnt1 (P49340); ApiWnt1 (XP_396946); JunWnt1
(AAB46368); CsaWnt1 (CAC87040); TriWnt1 (AAB29938); HtrWntA
(A43914); PvuWnt1 (CAD37170); PvuWnt2 (CAD37171); PvuWntA
(CAD37173); PvuWnt10 (CAD37172); PduWnt91415 (CAD37167);
PduWnt10 (CAD37168); PduWntA (CAD37169); PduWnt1 (CAD37164);
PduWnt2 (CAD37165); PduWnt4 (CAD37166).
Whole mount in situ hybridization
Specimens were relaxed in 1:1 0.37 M MgCl2:filtered sea water (FSW) and
then fixed in 3.7% formaldehyde in FSW overnight at 4-C. Fixative was
removed with 3 PBS washes, and embryos/larvae were dehydrated in methanol
and stored at 20-C. Whole mount in situ hybridization was performed based
upon a published protocol (Seaver et al., 2001) with minor modifications.
Specimens were hybridized at 65-C for 48–72 h in hybridization buffer (50%
formamide, 5 SSC, 50 Ag/ml heparin, 0.1% Tween, 1% SDS, 100 Ag/ml
salmon sperm DNA) and then washed with increasingly stringent washes of
SSC to 0.05. Digoxigenin-labeled riboprobes were generated using the
MEGAscript kit (Ambion Inc, Austin, TX) and used at a working concentration
of 1 ng/Al for CapI–en, 2 ng/Al for CapI–Wnt1, 2 ng/Al for CapI–hh, and 1
ng/Al for Hel–en. Riboprobes used were the following: for Hel–en, a 1025 bp
5V RACE fragment, containing EH2–EH4, for CapI–en, a 727 bp 5V RACE
fragment (part of EH4, EH3, EH2, and EH1), for CapI–hh, a 1716 bp (3V
RACE) fragment, and, for CapI–Wnt1, a 481 bp fragment. Specimens were
analyzed and photographed using DIC optics on a Zeiss microscope and a
Nikon Coolpix 4500 4.0 Megapixel digital camera. Detailed protocol available
upon request.
Results
Molecular characterization of en, hh, and wg orthologues from
Capitella sp. I and en from H. elegans
We isolated a single putative Capitella sp. I en class
homologue by PCR using degenerate primers designed to
conserved regions of previously isolated en sequences with
Capitella sp. I larval cDNA. The recovered 328 bp fragmentwas extended in both the 5V and 3V directions using non-
degenerate primers. Together, the composite sequence of the
cDNA clones reveals a fragment of 1277 bp, designated CapI–
en (Accession number, AY578983). It contains the complete
CapI–en open reading frame (ORF) (933 bp) predicting a
protein of 311 a.a. followed by approximately 330 bp of 3V
untranslated sequence. In addition to the homeodomain (EH4),
en genes characteristically contain four domains (EH1, EH2,
EH3, EH5) (Hui et al., 1992; Logan et al., 1992), unique for en
genes and well conserved across taxa. The presence of all 5
domains characteristic of en sequences in CapI–en (EH1–
EH5) shows conclusively that we have identified an en
orthologue from Capitella sp. I (Fig. 1A).
One of the CapI–en cDNA clones isolated by degenerate
PCR is distinct from the others in that it contains a small 6 nt
in-frame insertion positioned between EH2 and EH3 (Fig. 1A),
in an otherwise identical sequence. This 6 bp insertion codes
for the a.a.s KR and may represent a microexon. Microexons
between EH2 and EH3 in en sequences have been proposed for
the arthropods Schistocerca (2 a.a.) (Patel et al., 1989b) and
Lithobius (14 a.a.) (Hughes and Kaufman, 2002) and may
represent functional variants. Additionally, a characteristic RS
insertion between EH2 and EH3 in invected sequences of
Drosophila (Coleman et al., 1987) and Bombyx (Hui et al.,
1992) (Fig. 1A) is encoded by a microexon. Although for many
en sequences, the EH2 and EH3 domains are contiguous, the
presence of a variable number of a.a.s between EH2 and EH3 is
found in en orthologues from Artemia (Manzanares et al.,
1993), Tribolium (Brown et al., 1994), Amphioxus (Holland et
al., 1997), Cupiennius (Damen, 2002), and Platynereis
(Prud’homme et al., 2003). It is likely that the CapI–en gene
contains at least one alternate transcript.
A fragment of a Capitella sp. I hh orthologue was recovered
from genomic DNA by degenerate PCR using conserved
primers. The resulting 165 bp fragment was extended by
RACE PCR to yield partial cDNAs, 2344 bp in length,
comprising a predicted ORF of 1173 bp (391 a.a.s), flanked by
194 bp of 5V UTR and 977 bp of 3V UTR, designated CapI–hh
(Accession number, DQ066657). The predicted ORF contains
many of the conserved features among known HH (or hh)
homologues, including the conserved apparent cleavage site in
the amino region, specified by the amino acids CGPG (residues
23–26), and an additional conserved cleavage site in the
carboxy region specified by the residues GCF (residues 196–
198). These two cleavage sites are predicted to generate a
secreted peptide of 174 a.a.s from the amino region, putatively
involved in extracellular signaling. There is also a proposed
active site motif (PASM) in the carboxy region at residues
269–275 (Fig. 1B). Fig. 1B also shows conservation in the
amino region of the predicted HH protein of CapI–hh with
other hh orthologues.
Degenerate PCR yielded four different Wnt gene fragments
from Capitella sp. I ranging from 358 to 540 bp. These
sequences were aligned with Wnt genes from different
subfamilies, and included sequences from representatives of
all three major metazoan groups. We used multiple methods of
phylogenetic analysis including Bayesian phylogenetic infer-
Fig. 1. (A) Predicted amino acid sequence of en domains (EH2–EH5) for Capitella sp. I and H. elegans in an alignment with corresponding en domains from other
species. Amino acid identities are shown as dashed lines. Among Capitella sp. I en cDNA clones shown are those in which EH2 and EH3 domains are contiguous
and one with a di-peptide insert. The alignment shows Schistocerca and Artemia sequences with a di-peptide insertion and invected sequences from Drosophila and
Bombyx that show a di-peptide insertion between EH2 and EH3. (B) Partial alignment of the conserved hedgehog (hh; shh, sonic hedgehog) amino-terminal domain
(HH-N) and the putative autoprocessing sequence motifs (PASM) within the carboxy-terminus of hh homologues. Dashes represent a.a. residue identities.
Abbreviations and accession numbers for sequences are as follows: Hel-en, H. elegans (AY580012); CapI–en, Capitella sp. I (AY578983); Ch-en, Chaetopterus sp.
(AAK67707); Pdu–en, P. dumerilii (AJ582392); Htr-en, H. triserealis (X58692); Ple-en, P. leidyi (AF336055); Pvu-en, P. vulgata (AF440096); Dre-en, D. rerio en-
2 (X68151); Xla-en, X. laevis en-2 (X62973); Mmu-en,M. musculus en-1 (A48423); Amph-en, B. floridae (U82487); Afr-en, A. franciscana (CAA50279); Bmo-en,
B. mori (M64335); Bmo-in, B. mori (P27610); Cen-en, C. elegans (L14730); Dme-en, D. melanogaster (M10017); Dme-in, D. melanogaster (PO5527); Sch-en, S.
americana (A32994); Cap1-hh Capitella sp. 1, Hro–hh H. robusta (AF517943), Pvu-hh P. vulgata (AAM60752), Gma-hh G. marginata (CAE83646.1), Afr-hh A.
franciscana (AAP38182.1), Gbi-hh G. bimaculatus (BAB19658), Efl-hh E. flavicaudis (AAP38181.1), Tru-shh T. rubripes (AAT99577.1), Pol-shh P. olivaceus
(BAA82360.1), Mmu-shh M. musculus (NP_033196.1).
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ments of the Capitella sp. I sequences. It has been proposed
that at least 12 distinct subfamilies of Wnt genes were present
at the base of the Bilateria (Kusserow et al., 2005; Prud’homme
et al., 2002). The four Capitella sp. I Wnt sequences we
identified belong to four distinct subfamilies: Wnt1, Wnt4,
Wnt5, and Wnt10 (Fig. 2). Our CapI–Wnt1 sequence clusters
with two other lophotrochozoan Wnt1 orthologues from P.
dumerilii and P. vulgata in a well-supported node (100
bootstrap value for Bayesian analysis) as well as the
Drosophila wg gene and its vertebrate orthologue Wnt1. The
results of our phylogenetic analysis are consistent with
previously reported assignments of vertebrate Wnt1 and wg
as orthologues (Prud’homme et al., 2002; Rijsewijk et al.,
1987). To our knowledge, this is the first report of a likely
Wnt5 subfamily member from a lophotrochozoan (Kusserow et
al., 2005; Prud’homme et al., 2002). The CapI–Wnt1 fragment
was extended in both the 5V and 3V directions, and the recoveredfragment is 2301 bp with a predicted ORF of 1137 bp (379 a.a.)
(Accession numbers, DQ068698).
From H. elegans, a 220 bp en fragment was initially
recovered from genomic DNA and then extended in the 3V and
5V directions from a 3-day larval cDNA library. The concep-
tually assembled cDNA fragment, which we call Hel–en
(Accession number AY580012), is 1563 bp and contains an
ORF of 903 nt predicting a protein of at least 301 a.a.s, flanked
by 662 nt of 3V untranslated sequence. There is no in-frame stop
codon prior to the first methionine of the opening reading
frame, suggesting that there may be additional 5V ORF
sequence. There are two polyadenylation signals in the 3V
UTR. Database searches reveal that the predicted amino acid
sequence encodes an engrailed class gene, containing charac-
teristic en domains. Alignments of EH2–EH5 of Hel–en with
corresponding domains from other species are shown in Fig.
1A. We could not identify an EH1 domain. Although this is the
least conserved en domain, EH1 may be contained 5V of the
Fig. 2. (A) Bayesian inference consensus tree of Capitella sp. IWnt genes and representatives from various subfamilies. Numbers above branches represent posterior
probabilities values from Bayesian analysis, and those below branches are bootstrap support values from neighbor joining analysis. Only values above 50 are
marked. Capitella sp. I genes are in bold. Species abbreviations: Nve, N. vectensis; Pdu, P. dumerilii; Pvu, P. vulgata; Dre, D. rerio; Hs, H. sapiens; Hel, H.
erythrogramma; Api, A. mellifera; Htr, H. triserealis; CapI, Capitella sp. I; Amph, B. floridae; Xla, X. laevis; Dme, D. melanogaster; Csa, C. salei; Gal, G. gallus;
Jun, J. coenia; Bmo, B. mori; Tri, T. castaneum; Stro, S. purpuratus; Mmu, M. musculus.
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contained a two a.a. insert between EH2 and EH3 as was
found in Capitella sp. I.
CapI–en is expressed in multiple cell types during larval
development
Embryonic and larval development of Capitella sp. I has
been previously described (Bhup and Marsden, 1981; Eisig,
1899; Reish, 1974; Werbrock et al., 2001) and is summarized
in Fig. 3A. Thirteen segments are generated with an anterior–
posterior temporal progression in the mid-body during larval
development (Eisig, 1899). The larval segments first become
apparent on the ventral surface and gradually expand circum-ferentially from ventral to dorsal (Seaver et al., 2005). The first
morphologically defined segments are evident at late Stage 4,
and, by Stage 5, 24 h later, ten segments are easily visible in
preparations stained with the nuclear stain Hoechst (Seaver et
al., 2005).
Expression of the CapI–en transcript was examined from
post-gastrulation stages (Stage 3, Fig. 3A) to several days
following metamorphosis by whole mount in situ hybridiza-
tion. At all stages examined, specificity of the probe was
confirmed by processing control larvae hybridized without
probe or with sense probes. None of the controls showed
staining (not shown). Using the CapI–en 5VRACE fragment as
a probe (727 bp which includes the EH1, EH2, EH3, and a
small portion of the EH4 domain), CapI–en was initially
Fig. 3. CapI–en expression during larval development. (A) Schematic of Capitella sp. I embryonic and larval stages. Each stage is approximately 24 h in length at
19-C. Anterior is to the left for all panels, and stages are written in the bottom right of each panel. B, C, D, E, I, J, M, N, and O are ventral views; F and G are lateral
views with ventral down; H and K are dorsal views; and L is a dorso-lateral view. Dashed line marks the boundary between the ectoderm and mesoderm in J, N, and O.
(B) The earliest detected expression of the CapI–en transcript is in small patches of cells in the ventro-lateral portion of the body at early Stage 4 (arrows). Brackets
mark the presumptive segments in B and C. (C) Same larva as shown in B. Hoechst nuclear staining shows that morphological segmentation has not yet occurred. (D)
The number of CapI–en expressing patches rapidly increases (large arrows). There are 9–10 visible segments in this animal. (E) Late Stage 5. Arrows point to the
ectodermal localization of en-labeled cells in the posterior ventro-lateral region. (F) Slightly later stage relative to D. Large arrow points to the labeled patches visible
in D. Small arrows mark the segmental boundaries. (G) Same animal and view as F, labeled with the nuclear stain Hoechst showing CapI–en labeled cells in the
posterior of each segment. Segmental boundaries are marked with small arrows. Large arrow marks lateral labeled patches along the mid-body. (H) At mid-Stage 5,
CapI–en appears in small clusters (1–2 cells) in the anterior 5–6 segments in a dorso-lateral position (arrowheads). (I) Stage 6. There is a ventro-lateral expression
domain in the posterior portion of the mid-body (arrows). (J) Enlarged view of same stage as I showing staining in both the ectoderm epithelia and more deeply located
cells (arrows). (K) Enlarged view of labeled dorsal clusters shown in H at a slightly later stage (Stage 6). The clusters have a sub-epidermal position (arrowheads) and
are localized to the anterior side of the segment (segment boundaries marked by small arrows). (L) Enlarged dorso-lateral view showing CapI–en expression in the
neuropodial chaetoblasts. There is an anterior–posterior progression of chaetal development, and CapI–en is present both in nascent (double open arrowhead) and
more well developed chaetae (open arrowheads). Staining in the lower part of the panel represents expression in notopodial chaetae. Ventral is up. (M) CapI–en is
expressed in a small number of neurons in each segment. There is a ventral lateral cluster (double arrowheads) and a dorsal medial cluster (small arrows). In the most
posterior segments, staining is limited to the midline (bracketed arrows). (N) The posterior expression domain (compare with I, J) becomes predominantly localized to
the mesoderm (short arrows) at Stage 7. Ectodermal labeling is restricted to the posterior side of the expression domain (small arrows). (O) In late larval stages, CapI–
en expression in the posterior domain is limited to the mesoderm (short arrows). An asterisk marks the stomodeum. t, telotroch.
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region of the body, posterior to the mouth (Fig. 3B). At this
stage, there is condensation of nuclei in the Fbelly plates_
(Eisig, 1899), the presumptive segmental tissue, and segments
are not yet morphologically apparent (Fig. 3C). Additional
discrete patches of 1–4 cells/segment rapidly appear in the
ectoderm (Figs. 3D, E), and expression is localized to the
posterior portion of the segment (Figs. 3F, G). By the time the
CapI–en-expressing patches span the area between the
stomodeum (the mouth cavity and associated ectodermal
structures) and the telotroch, segments are visible throughout
most of the mid-body (Figs. 3F, G). At this time, CapI–en
expressing cells also appear in more lateral and posterio-dorsal
positions (Fig. 3F). There is some individual variability in the
exact circumferential position of labeled cells, although all are
localized to the posterior of each segment. In the posterior of
the mid-body, CapI–en-expressing cells from adjacent seg-
ments sometimes form a small continuous patch of labeled
cells. This CapI–en expression pattern gradually shifts to
expression in the posterior of the mid-body (Fig. 3I), where en-
expressing cells appear to ingress from the ventro-lateral
ectodermal epithelium to a more internal position (Fig. 3J).
By Stage 7, the predominant labeling in this area is localized to
the mesoderm and is segmental (Fig. 3N), with ectodermal
expression confined to the most posterior segment. By late
larval stages, CapI–en expression in the posterior mid-body is
restricted to the mesoderm (Fig. 3O).
CapI–en expression is also detected in several tissues
undergoing morphogenesis. Shortly after expansion of seg-
mental patches of CapI–en expression along the length of the
mid-body (Stage 5), CapI–en appears in the developing
ventral nerve cord (VNC) and in segmentally iterated dorso-
lateral structures (see below). In the VNC, CapI–en initially
appears in 2–4 cells/ganglion at Stage 5, which later increase
to 6–10 cells/ganglion (Fig. 3M), including a ventro-lateral
group of cells and a dorso-medial pair of cells. At the onset of
CapI–en expression in the VNC, axonogenesis has already
been initiated, evidenced by the presence of serotonin-positive
and acetylated-tubulin positive longitudinal axon tracts at this
stage (E. Seaver, unpublished results). In newly formed
segments, CapI–en neural expression is initially localized
close to the midline, and more lateral expression appears at a
later stage (Fig. 3M).
At Stage 5, CapI–en is also expressed in the 5 anterior-most
segments in small clusters of 1–2 cells in the anterior half of
the segment. These clusters occupy dorso-lateral territory in
each segment, dorsal to the notopodial chaetae (Figs. 3H, K),
overlying a longitudinal muscle. The labeled clusters become
subepidermal (Fig. 3K). Expression in the clusters persists
through Stage 9 and does not appear to change in size or
number of labeled cells over time. These clusters do not
correspond to previously identified structures in Capitella sp. I
larvae (Eisig, 1899).
CapI–en expression is also associated with developing
chaetae, which form at Stage 7 (Fig. 3L). Expression is initiated
at the base of the chaetal sac just prior to chaetal formation and
persists through chaetogenesis, ceasing once the chaetae arefully formed. There was some variability in chaetal staining
among individuals. Although expression correlates with chaetal
development, chaetal staining was observed with probes for
other developmental genes (approximately one third of 25
genes). The chaetoblast may express a number of developmental
genes, but we cannot eliminate the possibility that, during
chaetal formation, a biochemical property of the chaetoblast
makes it Fsticky_ for some riboprobes.
Larval expression of CapI–Wnt1
We characterized the expression pattern of the Drosophila
wg orthologue in Capitella sp. I, CapI–Wnt1. CapI–Wnt1
expression is initiated as a small area of ectoderm restricted to
the extreme posterior terminus of the larval body at early Stage
4, prior to segment formation (data not shown). As the larval
segments appear (Fig. 4B), CapI–Wnt1 posterior expression
persists, and there is no detectable expression in the segmented
portion of the body (Fig. 4A). The CapI–Wnt1 posterior
expression forms a ring (Fig. 4 insert) and marks the position of
the future anus (Fig 4A). In late larval stages (Stage 8), after
most larval segments have formed (11–12/13), additional
expression appears in small, segmentally iterated patches of
mesodermal cells in the 5–6 posterior-most segments (Fig.
4C). These Wnt1-expressing cells are positioned laterally,
approximately equidistant between the noto- and neuropodial
chaetae in the anterior side of the segment (Fig. 4D). Once the
lumen of the gut becomes visible (Stage 8), it is obvious that
CapI–Wnt1 expression is positioned where the posterior of the
gut meets the ectoderm, although expression is weaker than in
previous stages. Once the gut has matured and larvae are
competent to undergo metamorphosis and begin feeding, there
is no detectable CapI–Wnt1 expression in the posterior. None
of the CapI–Wnt1 expression elements is adjacent to any
CapI–en-positive cells.
Larval expression of CapI–hh
The CapI–hh transcript is expressed during larval deve-
lopment in a number of distinct tissues. Soon after gastrulation
(Stage 3), there is weak expression ofCapI–hh at the distal tip of
the invaginating stomodeum, at the future junction between the
foregut and midgut (not shown). In early larval stages (Stage 5),
CapI–hh is expressed in three discrete areas: at the termini of the
larvae including a small patch in the pygidium, in the cerebral
commissure, and continued expression in the stomodeum (Figs.
5A, D) but no expression in the presumptive segmental tissue.
Soon after the anterior segments have appeared (Fig. 5C),CapI–
hh appears in small segmental patches of 1–3 cells each in the
mesoderm between segments (Fig. 5B). Additionally, prominent
staining appears lateral to and slightly posterior of the
stomodeum (Fig. 5B). The number of mesodermal patches
increases over time (Stages 5–7) (compare Figs. 5B, E), and, in
the five most posterior segments, the mesodermal patches are
more ventrally positioned (Fig. 5E). Expression lateral to the
stomodeum expands in area from Stage 5 to 7 (compare Figs.
5B, F). In the nervous system, a limited number of neurons in the
Fig. 4. CapI–Wnt1 expression during larval stages. Anterior is to the left for all
panels, and developmental stage is in the bottom left corner of each panel. A
and D are lateral views, with ventral down; B and C are ventral views; insert in
A is a posterior view, with ventral down. (A) CapI–Wnt1 expression is
restricted to a small ectodermal domain in the posterior terminus of the larva
(arrow), and there is an absence of expression in the segmented portion of the
body. Late Stage 6. Insert is a posterior view showing the ring shape of CapI–
Wnt1 expression (arrow). (B) Mid-Stage 6 larva showing presence of anterior
segments as visualized by Hoechst staining. Arrows point to boundary between
adjacent segments. (C) CapI–Wnt1 expression persists in the posterior
terminus (long arrow), although at lower levels (compare with A). Short
arrows point to mesoderm expression in the posterior segments. (D) Expression
in the posterior segments (short arrow) is positioned laterally. Small arrows
point to three notopodial chaetae. t, telotroch; asterisk marks the position of the
stomodeum.
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at the posterior edge of the ganglion. Additional CapI–hh-
expressing neural elements include a dorso-lateral cell just
posterior to the prototroch, likely to be part of the prototrochal
nerve (not shown), and a sensory cell at the anterior tip of the
head (Fig. 5J). Expression in the pygidium matures into a ring
(Fig. 5H), located internally at the posterior terminus of the
hindgut where the future anus will form (compare Figs. 5I andA). By late larval stages, expression of CapI–hh includes the
posterior face of the stomodeum (Fig. 5K), the dorsal posterior
region of the pharynx (Fig. 5J), a few cells in the brain (Fig. 5J), a
sensory cell at the anterior of the animal (Fig. 5J), segmentally
repeated neurons in the VNC (Fig. 5K), lateral mesodermal
patches centered within abdominal segments (Figs. 5L–O), and
a ring of staining in the hindgut (Fig. 5N).
Expression of CapI–en, CapI–hh, and CapI–Wnt1 during
juvenile stages
Since polychaetes can generate segments at multiple life
history stages, we also examined CapI–en, CapI–Wnt1, and
CapI–hh expression during juvenile stages (Fig. 6). For all three
genes, juvenile expression patterns were related to those
observed for late larval stages. CapI–en is expressed in a subset
of lateral and medial neurons in the VNC (Fig. 6H) and in a
domain in the posterior sub-terminal region of juveniles (Fig.
6I), which contains labeled cells in both the ectoderm and more
deeply located cells, similar to the ventro-lateral posterior
expression domain in larval stages (compare with Figs. 3I, J).
CapI–hh is expressed in a number of discrete tissues in the
juvenile. In the anterior end, there is continued expression in a
sensory cell (Fig. 6B) and on the posterior face of the
stomodeum (Fig. 6A, double arrow). A small number of
segmentally repeated cells near the midline of the VNC express
CapI–hh (Fig. 6C), which is distinct in location from the
lateral VNC hh-expressing larval cells (compare with Figs. 5G,
K). A ring of expression around the posterior portion of the
hindgut persists (Fig. 6D), in addition to lateral mesodermal
patches in the posterior segments (Fig. 6D). One expression
domain in juveniles not apparent in larvae is expression of
discrete CapI–hh-labeled cells on the surface of the anterior
portion of the gut (Fig. 6B), possibly cells of the enteric
nervous system. CapI–Wnt1 is expressed prominently in a
limited area at the posterior terminus of the hindgut in juveniles
(Figs. 6F, G). It is also expressed in laterally positioned
mesodermal structures (Fig. 6F), located immediately posterior
of the segmental septa. In contrast to late larval stages in which
only the five most posterior segments show this expression,
juveniles have CapI–Wnt1 mesodermal expression in 11/14
segments (absent from the 3 anterior segments). In juveniles,
CapI–Wnt1 is also expressed in pairs of ectodermal cells
located 3–4 cell bodies posterior to the noto- and neuropodial
chaetae in the 5–6 anterior-most segments (Fig. 6E); this
expression is not observed in larvae.
Developmental expression of en in H. elegans
The fan worm, H. elegans, has an indirect life cycle,
hatching within about 4 h of fertilization as a ciliated blastula
and passing through a feeding trochophore stage, with a well-
formed prototroch, eyespots, apical organ, and gut (Stage 2)
(Shearer, 1911; Wisely, 1958) (Fig. 7A). The first three body
segments form in larvae, appearing simultaneously at Stage 4
(Wisely, 1958), accompanied by the appearance of chaetae in
each segment. Segment addition is arrested after the first three
Fig. 5. CapI–hh is expressed in the gut, nervous system, and mesoderm during larval development. For all panels except D and H, anterior is to the left.
Developmental stages are marked in the bottom right corner of each panel. A, E, J, L, and M are lateral views. B, C, F, G, I, K, N, and O are ventral views. (A) At
early Stage 5, CapI–hh is expressed in the back of the stomodeum (arrowhead), the future position of the anus (open arrow), and between the cerebral ganglia
(arrow). (B) By mid-Stage 5, there is also expression in two clusters lateral to the mouth (short arrows) and in 1–2 cell patches between segments in the mesoderm
(small arrows). Arrowhead points to the staining at the back of the stomodeum (see A). (C) Same larva as shown in (B), visualized with a nuclear stain (Hoechst) to
show the anterior segments. Vertical arrows mark the boundary between segments. (D) Apical view showing 2 small expression domains positioned in the cerebral
commissure (arrows). The lateral edge of each expression domain is juxtaposed with the medial boundary of the cerebral ganglia. (E) By late Stage 5, the ventro-
lateral patches of CapI–hh expression are present throughout the segmented region of the body and are localized between segments (angled arrows). Vertical lines
indicate position of segment boundaries of posterior segments. Short arrow marks expression lateral to the stomodeum. (F) The expression domains lateral to the
stomodeum have expanded in area (short arrows) and the ventro-lateral clusters are clearly in the mesoderm and have a segmental appearance (diagonal arrows). Line
marks the boundary between the ectoderm and mesoderm. (G) CapI–hh is expressed in the VNC, in a bilateral pair of cells in the lateral region of each ganglion
(double arrowhead). (H) A ring of CapI–hh expression marks the future position of the anus (open arrow). (I) Posterior end of larvae showing labeling in the
posterior terminus of the forming gut (open arrow). The transcript is not detected in the most surface ectoderm epithelia. (J) In late larval stages, CapI–hh is
expressed in discrete cells of the foregut and nervous system including an anterior sensory cell (long arrow), a small cluster of neurons in the cerebral ganglion (short
vertical arrow), the VNC (double arrowhead), and in two regions of the stomodeum (open double arrow, and short horizontal arrow). (K) Double open arrow
indicates labeling on the posterior face of the stomodeum. VNC expression persists (double arrowheads). (L) At late larval stages, CapI–hh expression is most
prominent in segmentally iterated lateral mesodermal patches of cells in the abdominal segments (arrows). (M) Enlarged view of same stage as shown in L. The
labeled patches contain approximately 8–10 cells (arrows). (N) When the larvae are competent to undergo metamorphosis (Stage 9), CapI–hh is expressed in an
anterior sensory cell (arrow), lateral mesodermal patches of the abdomen (small arrows), and around the posterior tip of the hindgut (open arrow). By this stage, the
lumen of the gut is open to the outside. (O) Enlarged view of same stage as shown in N. Mesodermal expression of CapI–hh is in the middle of the segment (small
arrows). Vertical lines indicate segment borders. An asterisk marks the position of the stomodeum. t, telotroch.
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juveniles. During metamorphosis, H. elegans transitions from a
pelagic to a benthic life style and undergoes associated
dramatic body plan modifications, including loss of the
prototroch and apical sense organ, and forms a collar, branchial
crown and secretes a calcareous tube (Hadfield et al., 1994).
In H. elegans, expression of the Hel–en transcript was
examined in larval stages using the 1025 bp Hel–en 5V RACE
fragment as a riboprobe. No staining was observed in no probe or
sense strand riboprobe controls for any stage examined. Hel–en
was detected in the ectoderm of the mid-body in bilaterally
symmetric lateral expression domains at early Stage 3 (Fig. 7B).
By late Stage 3, Hel–en expression expands to span the regionfrom the metatroch to the pygidium (Fig. 7C). Soon after,
expression becomes predominant in more deeply located cells
(Fig. 7D, arrowheads) with limited residual expression in the
ectoderm (Fig. 7D). The deep staining is localized to a narrow
band of cells, 3–4 cells wide, at the approximate midpoint
between the dorsal and ventral edges of the larva (Fig. 7E). As
the staining becomes localized to a deeper layer, it is less uniform
along the A/P axis, and there is stronger expression in three
evenly spaced patches (Figs. 7D, E). Positionally, this Hel–en
staining prefigures the future chaetal sacs. In some larvae, there
were differences in the intensity of staining among the three
patches of expression, likely representing either individual
variation or a dynamic expression pattern.
Fig. 6. Expression of CapI–en, CapI–hh, and CapI–Wnt1 in juveniles. A–D, CapI–hh expression; E–G, CapI–Wnt1; H, I, CapI–en. All panels are a ventral
view with anterior to the left. (A, B) Anterior end of same animal, different focal planes. (A) CapI–hh is expressed in the ventral ectoderm on the posterior side of
the stomodeum (double arrow). Bracketed arrows point to labeled cells associated with the gut (see B). (B) Deeper plane of focus relative to A. Expression of CapI–
hh is present in 1–2 cells at the very anterior of the head (arrow) and also in cells associated with the gut (bracketed arrows). (C) CapI–hh expression in a small
cluster of cells at the anterior portion of the ganglia (arrows) close to the midline. (D) Posterior segments express CapI–hh in small patches of mesodermal cells
(slanted arrows) and in a ring surrounding the lumen of the posterior gut (vertical double arrow). (E) CapI–Wnt1 is expressed in segmentally repeated pairs of
ectodermal cells in anterior segments posterior to chaetae (arrows). (F) Slanted arrows point to patches of Wnt1-expressing cells in the mesoderm immediately
posterior of the septa. Vertical arrow points to expression in the anus. (G) Close up view of very posterior of animal showing CapI–Wnt1 expression in the anus
(arrow). (H) Close up view of five (thoracic) segments showing CapI–en expression in cells in the anterior– lateral portions of the ganglia (short arrows) and at the
midline on the posterior side of the ganglia (long arrow). (I) Arrows mark CapI–en expression in the mesoderm and ectoderm at the sub-terminal posterior region of
the juvenile. Dashed line marks the ectoderm–mesoderm boundary.
E.C. Seaver, L.M. Kaneshige / Developmental Biology 289 (2006) 179–194188As the Hel–en transcript becomes localized to interior
cells, expression also appears in the forming collar (Fig. 3F),
a structure characteristic of tube-dwelling Serpulidae poly-
chaetes, and responsible for shaping the animal’s calcareous
tube as it forms (Rouse and Pleijel, 2001). Morphogenesis of
the collar is initiated as a series of invaginations beneath the
ciliated metatroch, and its rudiments initially appear as lateral
ectoderm thickenings when the chaetal sacs begin to form
(Segrove, 1941). Hel–en appears early in collar formation in
a lateral expression domain of the collar rudiment. Hel–en
expression expands to both sides of the fold (Fig. 7F) and
then matures into discrete medial and lateral areas (Fig. 7G)
as the collar invaginations become more intricate. The lateral
expression is positioned in line with the chaetal sacs alongthe dorsal ventral axis (Fig. 7H), and the medial expression
is located in a more dorsal position and contains 2–3 cells
(Fig. 7H).
By Stage 4, segments are morphologically visible, and
pairs of capillary chaetae are present in each hemi-segment,
the distal tips just protruding from the edges of the body
wall (Fig. 7I). Expression of Hel–en in the developing collar
persists (Fig. 7I), but it is absent from the deeper cells of the
mid-body. There is new expression in segmentally iterated
lateral ectodermal cell clusters of approximately 2–3 cells
equidistant between capillary chaetae (Fig. 7I). They are
positioned dorsal to the neuropodial uncini – a modified
chaetal type – and ventral longitudinal muscles and in the
anterior half of the segment. At Stage 6, there is still faint
Fig. 7. Expression of Hel–en during larval stages. (A) Schematic of H. elegans embryonic and larval development. Times represent hours post-fertilization when
raised at 25-C. Asterisk marks the stomodeum, and dotted lines in B and C mark the boundary between the ectoderm and mesoderm. Anterior is to the left, and
developmental stages are marked in the bottom right corner for all panels. E and H are lateral views with ventral down, and all other panels are ventral views. (B)
Initially, the Hel–en transcript is localized to a few cells in the ectodermal epithelia of the mid-body (arrows) in early Stage 3 larvae. (C) Hel–en expression expands
both anteriorly and posteriorly in the ectoderm (arrows) to span the region from the metatroch to the pygidium. (D) By late Stage 3, Hel–en is predominantly
expressed in a deeper cell layer. There is little remaining expression in the ectoderm (long arrow) compared with C. Labeling is most intense in three patches
(arrowheads). (E) Lateral view of same stage shown in D. The band of Hel–en expression is 3–4 cells wide along the dorsal-ventral axis and located approximately
midway between the dorsal and ventral surface. Arrowheads point to three patches of strongly staining cells. (F) In late Stage 3 larvae, Hel–en expression appears in
the collar primordia on both the exterior and interior faces of the invaginating ectoderm (arrows). (G) The broad patches of staining in the collar (see F) become
refined to two clusters of cells (long arrow, double arrowhead arrow). (H) Lateral view of G. Hel–en is expressed in the collar in two distinct patches: a ventral one
(long arrow) that is in line with the chaetal sacs (position marked by arrowhead) and a smaller dorsal patch (double arrowhead arrow). (I) Once the larval segments
appear, Hel–en expression becomes limited to the developing collar (long arrow, double arrowhead arrow) and segmentally repeated cell clusters (short arrows) in
the anterior portion of the segment. There is some light staining of the micro-algal gut contents. ch, tapered chaetae; p, prototroch; ect, ectoderm; mes, mesoderm.
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expressing cells (not shown).
Discussion
Relationship of polychaete en, Wnt1, and hh expression to
segment formation
To investigate the relationship between annelid and arthro-
pod segmentation, we report the isolation and expression of
orthologues of the arthropod segment polarity genes en, hh,
and Wnt1 in the polychaete Capitella sp. I and en in H.
elegans. Because the segment polarity genes have highly
conserved expression patterns throughout the arthropods, they
should represent robust candidates for comparisons with
annelids. If annelids and arthropods share a common segment-
ed ancestor, we would expect members of the Drosophila
segmentation cascade to be expressed in similar spatial and
temporal patterns during polychaete development. Specifically,
we would expect the segment polarity genes en, Wnt1, and hhto be expressed in circumferential stripes with a segmental
periodicity prior to morphological segmentation. The expres-
sion patterns we report for these three genes during larval and
juvenile development for Capitella sp. I and for en in larval
development of H. elegans are not obviously similar to the
canonical ectodermal striped segmental patterns in all arthro-
pod species that have been examined and indicate that these
genes are not involved in delineation of annelid segments.
Of the three genes, en, Wnt1, and hh, CapI–Wnt1
represents the most dramatic example of an expression pattern
inconsistent with a possible role in segmentation. During larval
segment formation, CapI–Wnt1 expression is limited to a
small ectodermal ring at the posterior terminus; this expression
marks the position of the future anus well before formation of
the definitive gut. Thus, the spatial characteristics of CapI–
Wnt1 expression clearly do not support a putative role in larval
or early juvenile segment formation since the transcript is not
detectable in any region of the presumptive segments as they
form. After segment formation, CapI–Wnt1 is expressed in
small lateral segmentally iterated patches in the five posterior-
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secreted signaling molecules, and it is formally possible that
another Capitella sp. I Wnt orthologue might substitute for
CapI–Wnt1 in a segmentation role. However, of the seven
Drosophila Wnt orthologues (loss-of-function has been
assessed for five orthologues), only wg has been demonstrated
to function in segment polarity (Cohen et al., 2002; Ganguly et
al., 2005; Gordon et al., 2005; Kozopas and Nusse, 2002;
Llimargas and Lawrence, 2001; Yoshikawa et al., 2003). While
isolating Capitella sp. I orthologues of the Drosophila segment
polarity gene wg (CapI–Wnt1), we also recovered three
additional distinct Wnt orthologues, including the first report
for a member of the Wnt5 subfamily in lophotrochozoans. The
other Wnt orthologues for which we currently have expression
data, CapI–Wnt4 and CapI–Wnt5, do not show a segment
polarity expression pattern (Seaver et al., unpublished results).
In this study, we present the first report of hh expression for
any polychaete. CapI–hh is found in a number of distinct
tissues during larval and juvenile development in Capitella sp.
I, including a subset of neurons in the VNC, the gut, and lateral
mesodermal structures. CapI–hh is expressed in small seg-
mentally repeated mesodermal clusters, but this expression is
not detected until after segments have formed. Thus, CapI–hh
expression does not have a pattern consistent with a segmen-
tation role. Persistent CapI–hh expression in juveniles in the
posterior hindgut suggests that HH signaling may be important
for posterior gut patterning during continued growth in
Capitella sp. I.
During larval development in Capitella sp. I and H.
elegans, en has a spatially and temporally dynamic expression
pattern that is consistent with the en expression pattern
previously reported for another polychaete, Chaetopterus
(Seaver et al., 2001). In all three species, en is expressed in
several distinct segmentally iterated structures, some of which
are not initiated until well after morphological segmentation.
This includes en expression in a subset of VNC neurons and in
dorso-lateral structures in the five anterior-most segments in
Capitella sp. I larvae, and in lateral undescribed segmental
structures in H. elegans, likely presumptive nephridial compo-
nents, mucous glands, or peripheral neurons (Segrove, 1941).
En expression in Capitella sp. I, H. elegans (this study), and
Chaetopterus (Seaver et al., 2001) is initiated prior to the
morphological appearance of segments; however, en is not
expressed in ectodermal Fstripes_, before, during, or after
segment formation to correspond with the position of segment
boundaries. In H. elegans, Hel–en is expressed uniformly in
the lateral ectoderm of future segments, which later matures to
expression in deeper cells (see below). In Capitella sp. I larvae,
small discontinuous patches of ectodermal cells in the posterior
of each segment express CapI–en, some of which appear prior
to segment formation. These labeled ectodermal patches are
obviously discontinuous around the larval circumference, and,
thus, we do not characterize this expression as stripe-like. In
juvenile stages of Capitella sp. I, CapI–en expression in the
ectoderm (or mesoderm) of presumptive segments lacks an
iterated pattern and thus CapI–en does not appear to function
in segmentation during either juvenile or larval stages. Of thethree Capitella sp. I genes examined in this study, CapI–en is
the only one expressed in the posterior growth zone of
juveniles. If en is involved in segmentation in Capitella sp. I
and H. elegans, it is operating in a manner quite distinct from
that found in arthropods.
Our results for en and Wnt1 expression in Capitella sp. I
and en in H. elegans contrast a report for en and Wnt1
expression in another polychaete, P. dumerilii (Prud’homme et
al., 2003). During posterior regeneration and juvenile growth,
Pdu–en is expressed in ectodermal Fstripes_ that appear along
the anterior edge of the forming segment, and Pdu–wnt1 is
observed in a posterior row of ectodermal cells during segment
formation (Prud’homme et al., 2003). During larval develop-
ment, Pdu–en is expressed in small patches of lateral
ectodermal cells in four areas that correspond to margins
between the three larval segments but are not in a continuous
stripe along the length of the forming boundary. Pdu–wnt1 is
expressed in epidermal segmental rings that appear in a
posterior to anterior progression (not anterior to posterior)
following chaetal sac formation (Prud’homme et al., 2003), the
first morphological manifestation of larval segmentation in
Platynereis. The expression of Pdu–en and Pdu–wnt1 during
regeneration and adult growth appears to be consistent with a
possible role in segmentation. However, it is not clear how the
larval expression of these genes is related to their expression
during regeneration and adult growth.
The discrepancy among en and wg expression patterns in
different polychaetes is intriguing, specifically between en
expression in P. dumerulii and our studies for three other
polychaetes H. elegans, Capitella sp. I and Chaetopterus. The
P. dumerulii data described above have been interpreted as
evidence in support of a common segmented mechanism in the
annelid/arthropod ancestor. However, our data from all three
polychaetes do not support this claim. One possible explana-
tion of the difference in expression among polychaete species
is that the Farthropod-like_ expression of en and wg in
regenerating and juvenile Platynereis represents an evolution-
ary convergence rather than support for homology between
annelid and arthropod segmentation. It will be important to see
if this species-specific variation reflects deep phylogenetic
differences among polychaetes versus changes associated with
modifications of the annelid body plan. Additionally, it will be
important to examine other gene orthologues in a range of
species to determine to what extent developmental programs
vary among polychaetes and pinpoint ancestral annelid path-
ways in this diverse group of animals.
En, Wnt1, and hh expression in Capitella sp. I, a regulatory
circuit?
Spatio-temporal relationships of expression among the
Capitella sp. I hh, en, and wg orthologues were examined to
determine if these three genes were co-opted as a reciprocal
feedback regulatory circuit Fcassette_, independent of expres-
sion related to segment formation. In the Drosophila segment
polarity regulatory circuit, hh and en are expressed in the same
ectodermal cells, and wg is in cells adjacent to the en-
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between the hh/en-expressing cells and the wg-expressing cells
leads to maintenance of this expression. In no tissue did we
observe the specific spatial relationships of all three genes
expected from comparison with the Drosophila segment
polarity Fcassette_. We also examined relative expression
patterns between each of the possible gene pairs for CapI–
en, CapI–Wnt1, and CapI–hh for evidence of coordinated
gene expression. We did not observe CapI–en and CapI–
Wnt1 in adjacent cells nor did we observe CapI–en and CapI–
hh in the same cells in any tissue or larval or juvenile stages
examined, with the possible exception of a few neuronal cells
in the VNC that express both CapI–en and CapI–hh.
In contrast, there is evidence for coordinated CapI–hh and
CapI–Wnt1 expression in adjacent cells. All of the CapI–
Wnt1 expression domains (in the anus and mesodermal cell
clusters) show corresponding CapI–hh expression in juxta-
posed cells. CapI–hh has more widespread expression than
CapI–Wnt1, and thus only a portion of CapI–hh expression
domains has corresponding CapI–Wnt1 expression. In the
posterior portion of the hindgut, CapI–Wnt1 forms a ring of
expression in surface ectodermal cells of the anus, and there is
a juxtaposed ring of CapI–hh expression slightly interior. In
late larval and juvenile stages, CapI–Wnt1 and CapI–hh are
both expressed in lateral mesodermal cell clusters of the
abdominal segments. These cell clusters are closely positioned
to each other, and the shape of the labeled clusters is distinct for
each gene. The position of the clusters within the segment is
also different: CapI–hh expression is localized to the center of
the segment, while the anterior edge of the CapI–Wnt1-
expressing cell cluster is aligned with the anterior segment
boundary. Thus, in larval and juvenile stages, CapI–hh and
CapI–Wnt1 have similar patterns of expression in two distinct
tissues, and the expression of each is in adjacent groups of
cells, and, thus, they may be signaling to each other.
The expression of CapI–hh and CapI–Wnt1 in juxtaposed
cells of the posterior hindgut is strikingly similar to the
expression of these two gene orthologues in the hindgut
epithelium of D. melanogaster. In this context, wg and hh act
as signaling centers that lead to gut regionalization in D.
melanogaster (Hoch and Pankratz, 1996; Pankratz and Hoch,
1995). In the rectum, wg and hh are expressed in adjacent
domains, with wg expressed in a ring posterior to hh (Hoch and
Pankratz, 1996; Pankratz and Hoch, 1995). Our data show a
similar relationship between CapI–hh and CapI–Wnt1 hindgut
expression in Capitella sp. I and thus support a conserved role
for these genes in hindgut patterning.
Conservation of en, Wnt1, and hh expression in the Metazoa
To date, expression of a Wnt1 orthologue has been reported
for only one other annelid, the polychaete P. dumerilii
(Prud’homme et al., 2003). Although the general expression
patterns are distinct between Capitella sp. I and P. dumerilii, it
is notable that both show prominent posterior hindgut
expression. Wnt1/wg is also expressed in the posterior terminus
in a number of arthropods including the flour beetle Triboliumcastaneum (Nagy and Carroll, 1994), the cricket Gryllus
bimaculatus (Niwa et al., 2000), the crustacean Triops long-
icaudatus (Nulsen and Nagy, 1999), and the spider Cupiennus
salei (Damen, 2002). In Tribolium (Nagy and Carroll, 1994),
Drosophila (Hoch and Pankratz, 1996), and Triops (Nulsen
and Nagy, 1999), wg posterior expression forms a ring during
some stage of its expression, and, in Drosophila, there is a ring
of expression in the posterior rectum (Hoch and Pankratz,
1996). It will be interesting to determine whether Wnt1
expression in the posterior hindgut is conserved in annelids
and other lophotrochozoans. Although in vertebrates Wnt1 is
not expressed in the posterior gut, Wnt1 expression in
amphioxus is restricted to the posterior endodermal portion
of the gut (Holland et al., 2000), and this expression could
indicate a highly conserved function for Wnt1 signaling in the
Bilateria.
One of the most conserved features of hh expression across
bilaterians is in the posterior hindgut. This conserved expres-
sion includes examples from both protostomes and deuteros-
tomes, such as in the millipede Glomeris marginata (Janssen et
al., 2004), the cricket Gryllus bimaculatus (Niwa et al., 2000),
the brine shrimp Artemia franciscana (Simonnet et al., 2004),
the mouse Mus musculus (Bitgood and McMahon, 1995;
Chang et al., 1994; Mo et al., 2001), the chick Gallus gallus
(Roberts et al., 1995), and Branchiostoma floridae (amphiox-
us) (Shimeld, 1999). Within annelids, hh in both Capitella sp. I
and H. robusta is expressed in the gut and a subset of
ganglionic neurons in the VNC (Kang et al., 2003). Both
CapI–hh and Hro–hh are expressed where the foregut and
midgut meet. However, gut expression of hh in H. robusta and
Capitella sp. I is in different germ layers, making it less
obvious that this is a conserved expression pattern. Hro–hh is
broadly expressed (and required) along the length of the gut,
primarily in mesodermal cells (Kang et al., 2003). In contrast,
CapI–hh gut expression is limited to regions of the fore- and
hindgut, in what appear to be ectodermal derivatives. A
conserved ancestral role for hh as a signaling molecule
involved in gut formation and hindgut specification has been
proposed (Kang et al., 2003; Simonnet et al., 2004), and our
expression data in Capitella sp. I support such a hypothesis.
Another example in which hh expression has been
examined in a comparative context is in relation to the
developing midline. In the limpet Patella vulgata (Nederbragt
et al., 2002), a mollusk, hh is expressed along the ventral
midline. This expression was interpreted as evidence support-
ing the homology between the dorsal midline of deuterostomes
and the ventral midline of protostomes (dorsoventral axis-
inversion theory). However, other protostomes, including
representatives from annelids (Kang et al., 2003), and
arthopods such as insects (Niwa et al., 2000), chelicerates
(Simonnet et al., 2004), myriapods (Janssen et al., 2004), and
crustaceans (Simonnet et al., 2004), in addition to our results
for Capitella sp. I, do not show ventral midline hh expression,
making such a claim unlikely.
Several distinct hypotheses of an ancestral role for en in the
Metazoa have been proposed, including neuronal cell specifi-
cation (Patel et al., 1989b), mesodermal patterning (Lans et al.,
E.C. Seaver, L.M. Kaneshige / Developmental Biology 289 (2006) 179–1941921993), and patterning of the exoskeleton (Jacobs et al., 2000).
Expression in annelids is consistent with an ancestral role for en
in both mesoderm and neuronal patterning. Only a single copy of
en has been reported to date for any annelid, and our
identification of a single gene for each species is consistent
with this. En expression patterns are somewhat variable among
annelids, and this variability represents a notable contrast with
the highly conserved expression of en in arthropods. However,
within annelids, there are some commonalities in en expression.
With the exception of H. elegans, all described annelid en
expression patterns include a subset of neuronal cells in the
VNC. Nervous system expression of en represents the most
highly conserved feature in the Bilateria. En is also expressed in
segmentally repeated individual or small patches of cells in the
ectoderm of newly forming segments in the polychaetes P.
dumerilii (Prud’homme et al., 2003), Chaetopterus (Seaver et
al., 2001), and Capitella sp. I (Fig. 3D), as well as in other
annelids (the oligochate P. leidyi, Bely andWray, 2001), and the
leech H. triserealis (Lans et al., 1993; Wedeen and Weisblat,
1991). These en-expressing cells may represent a homologous
expression domain in annelids. Laser ablation experiments of the
precursors to these en-expressing cells in the leech embryo do
not provide evidence that these cells have a segmentation
function such as in sub-segmental patterning (Seaver and
Shankland, 2000; Seaver and Shankland, 2001) nor is there a
resulting mirror image duplication of segments as would be
expected by comparisonwithDrosophila enmutant phenotypes.
Mesoderm expression of en in polychaetes
In all polychaetes examined to date, en shows conserved
expression in groups of mesodermal cells. Perhaps the most
intriguing aspect of en expression in H. elegans, Capitella sp. I
(this study), and Chaetopterus (Seaver et al., 2001) is in
ectodermal cells that appear to migrate internally. In Capitella
sp. I, en expression is initially restricted to the ectoderm, and, at
later stages, expression domains include labeled cells both in the
ectoderm epithelia and more deeply positioned cells. High
magnification examination of these areas seems to show CapI–
en-expressing cells migrating from the outer epithelium to the
mesoderm layer, although we cannot currently exclude the
possibility that the deeper expression represents new mesoder-
mal expression initiated at a later stage. There is contiguous
expression in both germ layers during both larval and juvenile
stages in Capitella sp. I. Continuous patches of en expression
between surface and more deeply located cells are also present
in Chaetopterus larvae. In H. elegans larvae, Hel–en is initially
broadly expressed in lateral ectoderm. At later stages, Hel–en is
almost exclusively positioned in lateral mesoderm, consistent
with the idea of a delamination event to generate larval
mesoderm. Alternatively, the deeper Hel–en expression may
be in chaetal sac primordia (an ectodermal derivative) since
Hel–en lateral expression approximates their future position.
En is expressed in ventro-laterally positioned mesodermal cells
in P. dumerilii (Prud’homme et al., 2003), although it has not
been reported whether this expression is initiated as more
surface staining. One interpretation of these expression patternsis that there are en-expressing cells representing a population of
ecto–mesodermal precursors, which contribute to newly form-
ing adult segments. This would imply a relatively late (post
cleavage stage) segregation of ecto- and mesoderm from an
ecto–mesodermal lineage in polychaetes.
The study of multiple arthropod segment polarity genes in
different annelids shows that some genes have intriguing
similarities with other animals (e.g., conservation of hh
expression in the proctodeum). However, because these three
genes do not show conservation as an integrated unit that
prefigures segment boundaries as they do in arthropods, there
is not currently sufficient evidence to implicate this mechanism
in annelid segmentation. The complexity and variability of en
expression among annelids make the interpretation of engrai-
led’s role in this group more difficult, and, in contrast to its
highly conserved arthropod expression, it may not represent the
easily interpreted robust marker initially expected. Additional
studies in other annelids and examination of other members of
the segmentation cascade may help to resolve the relationship
of annelid segmentation to the segmented body plans in other
bilaterian groups.
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